Abstract Management of metastatic malignant melanoma is challenging. Although several new systemic therapies for metastatic malignant melanoma have recently been developed, some patients still also require radiation therapy (RT) for palliative care. However, the safety and efficacy of combining use of novel drugs with RT remain unclear. Here, we report treating a patient with rapidly growing malignant melanoma with a programmed cell death protein 1 (PD-1) inhibitor and a BRAF inhibitor together with 60 Gy of hypofractionated RT without severe adverse effects. The tumor within the radiation field exhibited a more marked response than that outside it. A combination of RT with an anti-PD-1 antibody or a BRAF inhibitor may, therefore, be a useful and tolerable approach to treating metastatic BRAF-mutant melanoma.
Introduction
Management of malignant melanoma is difficult, because this disease is resistant to radiation therapy (RT) and cytotoxic chemotherapy. Patients with metastatic melanoma reportedly achieve a median survival of only \12 -months [1] . However, in the past 5 years, several novel systemic therapies for metastatic melanoma have been developed; these include targeted inhibitors of the mitogenactivated protein kinase signaling pathway and immune checkpoint inhibitors directed against PD-1 and cytotoxic T-lymphocyte-associated antigen 4 (CTLA-4) [2] . Despite these advances in systemic therapies, some patients develop recurrent or symptomatic disease. In such cases, RT may provide a palliative benefit and can occasionally extend the duration of local disease control [3] . However, the safety and synergistic effect of combining novel systemic therapies with RT are unclear.
Here, we report a patient with metastatic malignant melanoma whose primary tumor was assumed to be on the breast and whom we treated with an anti-PD-1 antibody and, subsequently, a BRAF inhibitor concurrently with hypofractionated RT.
Case report
A 62-year-old woman presented with enlarged lymph nodes in the left axilla and neck, biopsy of which revealed malignant melanoma. No primary site was identified; however, the distribution of lymph node metastases suggested that the primary tumor was on the breast, and the patient was staged as cTxN3M1 according to the criteria of the Union for International Cancer Control (seventh edition). We resected the affected axillary lymph nodes to achieve volume reduction and began treatment with dacarbazine and interferon. One month later, we found that the residual mass had enlarged (Fig. 1a) . With this evidence of progressive disease, we changed the treatment to nivolumab, an anti-PD-1 antibody that blocks PD-1 signaling, at a dose of 2 mg/kg of body weight every 2 weeks. However, 10 days after initiation of nivolumab therapy, the axillary mass rapidly enlarged, and she had stabbing pain in her left shoulder and arm, which was scored 8 points on the numerical rating scale (NRS; from 0, no pain to 10, worst possible pain) and could not be controlled by opioid analgesics. Therefore, we initiated hypofractionated RT administered in three fractions of 6 Gy per week. Because the safety of RT with nivolumab or vemurafenib has not been established, we excluded the lung and esophagus from the radiation fields as much as possible, which meant that some of the left breast lesions were not irradiated (Fig. 2) . Following administration of two doses of nivolumab, a positive BRAF mutation was identified. Because responses to immunotherapy are typically observed several months after initiation of treatment and the tumor had continued to grow rapidly and caused severe pain (Fig. 1b) , we substituted the BRAF inhibitor vemurafenib at a dose of 960 mg twice daily for nivolumab. Six weeks after commencing vemurafenib, a grade 3 increase in alanine aminotransferase concentration (according to the Common Terminology Criteria for Adverse Events version 4.0) was detected. Therefore, vemurafenib was discontinued for 2 weeks and then resumed at a dose of 720 mg twice daily. RT (up to 60 Gy) was continued during treatment with both nivolumab and vemurafenib with the aim of slowing tumor growth while minimizing adverse effects; however, grade 3 radiation dermatitis developed 3 days after completing RT (Fig. 3 ). This gradually resolved with oral and topical steroids. One month after completing RT, all lesions had regressed significantly and the pain decreased from NRS 8 to NRS 2 points and became acceptable for the patient ( Fig. 1c) . Three months after completion of RT, follow-up computed tomography (CT) revealed that the tumor had decreased in size within the radiation field and was close to stable in the mediastinum, which was outside the radiation field (Fig. 1e) . However, a rapidly growing lesion was also detected on CT mages in the left breast outside the radiation field (Fig. 1f) . With this conclusive evidence that the tumor was resistant to the BRAF inhibitor (vemurafenib), we performed left mastectomy to reduce tumor volume before reinitiating nivolumab treatment. In spite of ongoing nivolumab, all lesions outside the radiation field progressed, and the patient died of respiratory failure 9 months after diagnosis.
Discussion
Here, we describe a case of malignant melanoma treated with a combination of hypofractionated RT with an anti-PD-1 antibody and, subsequently, a BRAF inhibitor without severe adverse effects. Of note, the tumor in the radiation field showed a more marked response than the tumor that was not irradiated. The tumors outside the radiation field progressed during treatment with vemurafenib, the breast lesions growing more rapidly than the mediastinal lesions. We administered a larger dose (60 Gy) than a palliative RT dose, because the masses were extremely large and rapidly growing, and there was a risk of complete brachial plexus injury. Although there is no consensus on dose fractionation for malignant melanoma, biological and clinical studies suggest that hypofractionated RT with large, single doses produces better results than the conventional fractionated RT [4] and [4 Gy per fraction may be optimal [3] . In addition, hypofractionated RT can produce an anti-tumor immune response. RT can upregulate MHC class I expression dose-dependently, and a single dose of at least 4 Gy is required [5] . When combined with immunotherapies, hypofractionated RT may be more effective than conventionally fractionated RT; however, additional data are required to confirm this [6] . Moreover, hypofractionated RT can result in higher rate of late adverse effects than conventionally fractionated RT. Because survival of melanoma patients has improved with the introduction of new systemic therapies, late radiationinduced adverse effects should be more carefully considered when planning treatment. In the present case, the tumor showed good response to vemurafenib temporarily, and a total dose of 60 Gy could have been reduced. PD-1, an inhibitory checkpoint molecule, regulates the balance between immune activation and tolerance [7] . The use of the anti-PD-1 antibody nivolumab has been shown to significantly improve survival of melanoma patients in multiple Phase III trials [8] [9] [10] . In addition, nivolumab has higher response rates and less toxicity than CTLA-4 blockade with ipilimumab [8] , making it a good candidate for use with RT. In mice with intracranial glioma, a combination of an anti-PD-1 antibody and radiation reportedly significantly increases survival and achieves an abscopal response [11, 12] . However, there are a few clinical data regarding the efficacy and safety of combining RT with an anti-PD-1 antibody.
Vemurafenib, one of the most potent inhibitors of the kinase domain of mutant BRAF, prolongs survival of melanoma patients with tumors carrying V600 mutations [13] . BRAF inhibitors have been shown in vitro to have a radiosensitizing effect on BRAF-mutated melanoma cells [14] . However, there is no standard consensus concerning continuation of BRAF inhibitors during RT. Some case reports suggest that combining RT with BRAF inhibitors is associated with increased cutaneous and non-cutaneous toxicity, such as pneumonitis, anorectics, and liver toxicity [15] [16] [17] , and therefore, recommend that RT be withheld during treatment with BRAF inhibitors. In the present case, adverse effects may have been minimized by excluding the lung and esophagus from the radiation field. However, Hecht et al. [18] have reported that concomitant RT and BRAF inhibitor therapy is feasible and has acceptable toxicity. Interruption of systemic treatment can result in progression of non-irradiated lesions; in addition, the radiosensitizing effect may improve local tumor control. Whether or not to interrupt BRAF inhibitor therapy during RT should be considered case by case, according to the tumor location and prognosis. In any event, patients receiving vemurafenib with RT should be closely monitored because of the potential for increased toxicity.
Most patients treated with vemurafenib develop progressive disease [13] . However, there is no consensus on a treatment strategy for such disease progression, particularly in patients with heterogeneous tumors. Therefore, whether or not to administer local therapy to growing lesions is an individual decision. Continued treatment with a BRAF inhibitor beyond initial progression may prolong survival [19] , but generally only in patients with a few metastases in whom a combination of local therapy and continued administration of a BRAF inhibitor may be effective. Furthermore, advances in effective systemic therapies have increased the threshold for administering local therapies in patients with systemic metastases. However, it is possible that reducing the number of residual melanoma cells minimizes development of resistance by reducing the number of cells that could develop resistance [20] . Being less invasive than surgery, RT presents a potential option for local treatment during systemic therapy.
In the present case, it is difficult to conclude which drug was more effective, nivolumab or vemurafenib. Although the tumor showed good response to vemurafenib, durability of response to vemurafenib was only 3 months. Moreover, it is possible that tumor progression observed during nivolumab treatment was pseudoprogression and that combination of nivolumab and RT resulted in durable response in the radiation field.
In conclusion, we treated a patient with malignant melanoma concurrently with hypofractionated RT and an anti-PD-1 antibody and subsequently a BRAF inhibitor without severe adverse effects. A combination of these therapies can be useful for treating metastatic BRAF-mutant melanoma. However, the safety, RT timing, sequence, and dose fractionation should be individually determined for each such patient.
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